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Abstract
In this study, we demonstrated simultaneously enhanced mechanical properties
and electrical conductivity of pure aluminum (Al) by incorporating graphene as the
reinforcement. The graphene/Al nanocomposite was fabricated by friction stir
processing (FSP) combined with hot extrusion. It was found that graphene was
homogeneously dispersed into Al matrix and directly bonded graphene/Al interfaces
were formed, which were the structure basis for the simultaneously improved
electrical and mechanical properties. This study provides new strategy for fabricating
high-strength and highly conductive graphene/Al nanocomposites.
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1. Introduction
Simultaneously enhancing the mechanical properties and electrical conductivity
of highly conductive metals such as silver (Ag), copper (Cu) and aluminum (Al) is
extremely attractive for their widespread applications in electrical and electronics
engineering [1], though highly challenging. Electrical conductivity is sensitive to the
microstructure of conducting metallic materials, mechanically strengthening metals via
alloying, precipitation and/or introducing defects such as grain boundaries and
dislocations usually increases the scattering of electrons and thus decreases the
electrical conductivity. Carbon nanotubes (CNTs) [2] have been attracted much interest
due to their superior mechanical and physical properties such as ultra-high strength and
electrical conductivity, which are expected to be potential reinforcements for enhancing
the mechanical and electrical properties of conducting metallic materials [3].
However, previous studies showed that the mechanical strength of pure metals
could be improved by using CNTs as reinforcements, but the electrical conductivity of
these nanocomposites were always lower than that of pure metals [4-11]. The improved
mechanical strength was due to the hindering of dislocation motion by CNTs [10, 11],
while the large-sized CNTs clusters and poor interfacial bonding such as voids, cracks
or impurities existed at the interfaces were the main factors causing the decrease in
electrical conductivity [4, 8, 10, 11].
Ebbesen et al [2] and Wang et al [12] measured the electrical conductivity of CNTs
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and graphene, respectively. The results showed that the electrical conductivity of
graphene (∽67MS/m) was significantly higher than that of CNTs (∽20MS/m). At the
same time, studies focused on the electrical properties of graphene reinforced Al
nanocomposite were limited [13, 14]. Thus, in this study, we chose graphene as the
reinforcement to enhance the mechanical properties and electrical conductivity of pure
Al.

2. Experimental procedures
Commercial pure 1060Al plates were used as the metal matrix. Fig.1 shows the
schematic diagram of the fabrication process. Three Al plates were employed and their
dimensions were 300×100×3 mm (length × width × thickness). Five slots (size:
180×3× 3 mm, length × width × depth) with a 3mm interval were machined on
middle plate and were used to fill with graphene (0.2g total weight). The three plates
were then assembled to seal graphene in the middle plate. A rotating (750rpm) nonconsume tool gradually plunged into Al plates and transferred (60mm/min) through the
region containing the slots. Partially-overlapped three-pass FSP with an offset of 3mm
between the adjacent passes was carried out. The graphene was distributed in the
processed zone. Some graphene might escape from the gap between the plates, but the
escaped graphene should be less than 10% of the added graphene. The dimensions of
the processed zone were (186±3)×(33±3)×(5.2±0.5) mm. Thus, the estimated weight
percent of graphene was about 0.17% ∽ 0.29%. After FSP, the graphene/Al
nanocomposites were subjected to hot extrusion at temperature of 350℃. The extrusion
ratio and ram speed were 16.5:1 and 2mm/s. Finally, hot-extruded nanocomposite sheet
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(3mm in thickness, 30mm in width) was obtained.

Fig.1 Schematic diagram of the FSP process.

The electrical conductivity was measured by four-probe based method at room
temperature. Three nanocomposite samples with the dimensions of 50 × 5× 3 mm
(length × width × thickness) were used for conductivity measurement. Three
samples with a gauge length of 3.0mm, a width of 2.0mm and a thickness of 1.0mm
were used for tensile tests, which were carried out at a strain rate of 1.0 × 10−3 𝑠 −1 at
room temperature. For comparison, the electrical and mechanical properties testing of
pure Al were carried out using the same parameters. Composite microstructures were
investigated using Raman spectroscopy (wavelength:532nm), field emission scanning
electron microscope (FE-SEM, Quanta 200FEG) and transmission electron microscope
(TEM, JEOL JEM-2100F). Samples used for SEM analysis were pre-polished by using
diamond paste (0.5μm) and fine polished by electrolytic polishing. Conventional Argon
ion milling was used to fabricate the samples used for TEM analysis.

3. Results and discussion
Fig.2 showed the electrical properties and tensile stress-strain curves of
graphene/Al nanocomposite and pure Al, and the detailed information was shown in
table.1. The measured I-V curves were changed into the form shown in Fig.2 (a) based
on the equations:
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Where I was the current, U was the voltage, L was the measured length, S was the area
of the cross-section of samples, σ was the electrical conductivity. It was found that
with the addition of graphene, the tensile strength and elongation of Al were
significantly improved by 17.3% and 35.4%. Meanwhile, the electrical conductivity of
graphene/Al nanocomposite was 2.1% higher than that of pure Al. Although the
enhancement in electrical conductivity was small, at least, the results shown in this
study indicated that enhancing the mechanical properties of pure Al without sacrificing
its electrical conductivity was possible. Fig.2 (c) showed the comparison results of the
change in electrical conductivity and tensile strength of pure metals due to
incorporation of graphene (or CNTs) into pure metal matrix between previous studies
[4-11, 13, 14] and this study.

Fig.2 (a) Electrical property. (b) Tensile properties of graphene/Al nanocomposite and pure Al. (c)
Comparison of the change in electrical conductivity and tensile strength of pure metals between
previous studies and this study (Tensile strength of composites were not reported in references 4-6,
8, 13, 14).
Table.1 Electrical conductivity and mechanical properties of graphene/Al nanocomposite and Al.
Sample

Electrical conductivity (MS/m)

Tensile strength (MPa)
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Elongation (%)

Pure Al

33.42±0.05

127.16±2.50

21.65±1.65

Graphene/Al

34.12±0.05

149.15±12.89

29.32±5.76

Five locations were randomly selected on the cross section of graphene/Al
nanocomposite sheet for Raman analysis, as shown in Fig.3 (a) (Fig.3 (a) was part of
the cross section of graphene/Al nanocomposite sheet). It could be clearly seen from
Fig.3 (b) that graphene was detected at all the locations, which indicated that the
graphene was homogeneously dispersed into Al matrix. In addition, no graphene
agglomeration was found from the nanocomposite at higher magnification in SEM
(Fig.3 (c)), which also showed that graphene was homogeneously dispersed into Al
matrix by FSP [15]. Fig.3 (e) showed the graphene/Al interfacial bonding
characteristics. No cracks, voids or aluminum carbide (Al3C4) were found between
graphene and Al, which indicated that clean and intimate contact interfaces were
formed under the thermomechanical conditions during the fabrication process.

Fig.3 (a, b) Raman analysis of graphene distribution in nanocomposite. (c, d) Observation of
graphene distribution in the nanocomposite by SEM and TEM. (e) Interfacial bonding
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characteristics between graphene and Al.

The observed breakthrough of trade-off tendency between mechanical strength
and electrical conductivity in this study are linked to the graphene-induced
microstructures. During plastic deformation of the composite, the embedded graphene
will hinder the dislocation motion within Al matrix and the load can be transferred from
Al matrix to graphene through the interfaces [16], thus the mechanical strength of the
nanocomposite is improved.
However, due to the incorporation of graphene, two competing opposite factors,
which affect the electrical conductivity of graphene/Al nanocomposite, may arise. On
the one hand, the excellent intrinsic electrical conductivity of graphene [12] is a positive
factor for enhancing the electrical conductivity of Al matrix. Moreover, the electrical
conductivity of graphene embedded in Al matrix can be further improved due to the
doping effect [17]. On the other hand, the extra interfaces between graphene and Al is
a negative factor for enhancing the electrical conductivity of the nanocomposite. Sutton
et al [18] and Dong et al [19] concluded that different types of interfaces had large
variations in electrical resistivity and the adverse effect of interfaces on the electrical
conductivity of system can be significantly weakened by forming clean and intimate
contact interfaces. It is implied that the structure manner in our graphene/Al
nanocomposite, including the graphene distribution and the interfacial bonding, is the
main reason for the fact that both the electrical conductivity and the mechanical strength
of the graphene/Al nanocomposite fabricated in this study are higher than that of pure
Al.
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4. Conclusions
In summary, the simultaneously enhanced electrical conductivity and mechanical
properties of Al were successfully achieved in this study by using graphene as the
reinforcement. The electrical conductivity, tensile strength, and elongation of
graphene/Al nanocomposite were 2.1%, 17.3% and 35.4% higher than those of pure
Al. The observed breakthrough of trade-off tendency between mechanical properties
and electrical conductivity was due to the homogeneously dispersed graphene in
nanocomposite and formation of high-quality graphene/Al interfaces. This study
provide new strategy for obtaining high-strength and highly-conductive graphene/Al
nanocomposites.
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